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aABSTHACT 


To further the program at the U. 5S. Naval rostgraduate 
School in the investigation of the properties of tne low- 
lying excited states of nuclei, the equipment necessary to 
perform gamma-gamma directional angular correlation experi- 
ments was assembled and tested. 

This tnesis describes this equipment in considerable 
detail and tne procedure followed in testing it using the 
well-known gamma cascade of roe The observed anisotropy 
agreed with the theoretical value within statistical expec- 
tations. However, the shape of tne observed correlation 
function was distorted indicating an as yet unknown instru- 
mental malfunction. suggestions for improvements in the 
equioment are made. 

The author wishes to express his appreciation for the 
assistance given him by Professor darry &. Handler for 
initiating this work and for his guidance throughout this 
investigation. appreciation is expressed to rrofessor Edmund 
A. Milne for valuable discussions on various aspects of this 
work. Professor William W. Hawes was generous in supplying 
some of the electronic equipment used in this investigation. 
The cooperation and assistance of Mr. Kenneth C. smith and 
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INTnOLUCTION 


Moe first paper cmmangubar correlation of successive 
nuclear radiations in which tne explicit theoretical corre- 
lation functions were derived was in 1940 by damilton aia 
it was apparent from the beginning tnat tnis was a very 
powerful means of investigating the low-lying excited states 
of nuclei. But successful experiments nad to wait many 
years for advances in electronics to provide coincidence 
circuits of sufficiently short resolving time and for tne 
imorovement of radiation detection techniques. The first 
successful attempt to observe an angular correlation be- 
tween two successively emitted gamma rays was in 1947 by 
Emedyeand Deutseh who used Geiger counters as detectors i. 
heally precise measurements of angular correlations involv- 
ing gamma radiation had to wait until a means of detection 
mere efficient and neliable than Geiger counters could sbe 
developed. since in this work, we measure Poissonly-dis- 
tributed variables, we are plagued by statistical fluctua- 
tions; hence for precision, a great number of quanta must 
be counted and under tnese conditions Geiger counters prove 


quite inadequate. With the development of the scintillation 





Cuyoual and photomultipliscr tube, it became possible in 
emomuigle day to mee@sure a correlation Come precision that 
would have required many months to achieve using Geiger 
counters. Tne development of scintillation crystals of 
sodium-iodide activated by small amounts of thallium as 
an impurity also provided a means of measuring gamma-ray 


energies witn high precision. 





CHoarTeh ded. 


ToBORETICaL CONSIDERATIONS 


Tne study of the properties of low-lying excited nuclear 
states is greatly facilitated by a nuclear spectroscopic tool 
known as angular correlation or more completely "angular 
correlation of successive nuclear radiations". The snort 
life-time of most excited nuclear states makes their inves- 
tigation by direct means such as resonance methods next to 
impossible. Hence wesemust probe these stetes indirectly, 
and a method that comes immediately to mind in the case 
of low-lying states is the study of the radiations which 
preceed and succeed them. 

Tne probability of emission of a particle or quantum 
By a teaioactive nucleus depends in general on the angle 
between the nuclear spin axis and the direction of emission. 
Under ordinary cirewnstances, due to the random orientation 
or theminclel in Space, “tie radiatien. patvern can not be 
observed. 

If, however, an ensemble of nuclei is preferentially 
oriented, a radiation pattern can be observed. One metnod 
of arriving at such an ensemble of nuclei consists in plac- 


ing a radioactive sample in a strong magnetic field or 





electric field gradient at a very low temperature, thereby 
GOmifenting er aliguime» the»wnuclel, andetnen measuring the 
ameulear Gistribution,»ef the emitted radiation with mespect 
vomude epplicd field. 

Another method consists of selecting onl; those nuclear 
states whose spins nappen to lie in preferred directions. 
This can be accomplisned if a nucleus decays by the succes- 


Sive emission of two radiations, Ay and Ha - Although the 
Spin of tne original nucleus may have an arbitrary orienta- 
tion in space, the observation of hy in a fixed direction 
selects an ensemble of residual nuclear states whose angu- 
lar"momentum’vectors»are related, to this direction. The 
succeeding radiation ie, which is emitted by these states 
Gaem has wrefierned angles of emissionewitherespect tombhe 
dimeetionwor i, 

when we investigate some property of these radiations 
as a function of the angle between their propagation vectors 
we (dO me tlerecorrervation™. As one can imagine? the Pareird 
is very broad; nowever, it can be subdivided both as to the 
nature of the radiations involved and as to the particular 
property of the radiatwons wnder investigation. In’ the 


former case, the theory is broad enough to include any of 


the well-known nuclear emissions, such as beta rays, gamma 





Pays, alone particles and neutrinos in any allowed combi- 
nation. in the latter case, tnere are two general proper- 
eres of the radiations whicn dividestnewiehd of angubar 
correlation into (a) "directional correlation", wnerein one 
measures tne relative probability of emission of the second 
radiation as a function of the angle relative to the first, 
and (b) "polarization correlation", wherein one measures 
the relative probability of emission for two radiations, 

of a specified relative polarity, as a function of the 

ine pudearangilec. : 

Since this work is concerned with the directional 
correlation of a gamma-gamma cascade, we will restrict 
ourselves to a discussion of the theory involved in this 
typeof emission. In the following, references to "angular 
correlation", without qualifying phrases or adjectives, 
will be concerned witn the direction-direction gamma-zgamma 
cascade in wnich the radiations are emitted consecutively. 

Consider an excited nucleus that emits in rapid succes- 
Sion two radiations, h, and H,. in-ordenethat the corredme- 
tion exhibit maximum anisotropy, the angular momentum vec- 
tor of the intermediate state must not change direction 
before the second radiation Kk, is emitted. Stated another 


Z 


way, the mean life for the emission of the second radiation 





must be snort compared to the period of precession of the 
mmetear spin of tne imtermediate: state, under the influence 
of possible spin-couplings. There are two tyves of spin- 
cOuplings to be considered: (1) tne coupling of the inter- 
mediate state magnetic moment to a magnetic field ana 
(2) the coupling of the quadrupole moment in the interme- 
dmewemstate to an eleetric field gradient. Tne presence of 
such spin-couplings will attenuate the correlation in tne 
Senmec that it9will be more isotropic "than if due to undis- 
turbed nuclei. Experimentally it -is observed tnat the 
correlation can be wiped out entirely wnen the mean life 
of the intermediate state is of tne order of the preces- 
Sion period. The precession period corresponding to these 
couplings is of the order of 107° "Bee onae. 

The principal information obtainable from an angular 


rs 


correlation measurement is the total angular wementun Gucn- 
genuations of the Aaiesr revels involved and the multi- 
peue order of tne emitted —— To be more precise, 
it will yield the spins of the nuclear levels, but not tne 
parities. If at least one of the transitions is not a pure 
multipole, it@will also provide a means of obtaining tne 


Mixing ratio.” Only™in conjunction with otner experiments 


is it possible to establish a complete decay scneme. 





Today, angular correlation measurements are a well estab- 
lished tool in nuclear spectroscopy. 

The fact that the angular correlation function W(6) 
does not depend on the change in parities of the nuclear 
States can be understood classically. Electric and magnetic 
radiations of the same multipole order L are related by the 
transformation E—>H, H-—~>-E. This transformation leaves 
the Poynting vector and tnerefore the angular distribution 
of the radiation unaltered. It is thus impossible to dis- 
tinguish between electgic and magnetic radiation of the 
Same multipole order by means of an angular correlation 
measurement. 

The tneoretical expressions for the correlation func- 
tions nave been worked out for almost all cases of interest 
| 3): Let us consider a gamma-gamma cascade between states 
A, B, and C with spins I,, 1,, and 1, respectively, in which 
both gamma rays, of multipole orders L, and L, respectively, 
are pure. Such a cascade will be denoted by I,(L,)1,(L5)1,. 


Tne correlation function W(6) is 


n n 


max max 
w(6) = ) peNeos 6) = ) aoos" 6 (1) 
n=0 n=0 


where P,, is the Legendre polynomial of even order n, and 





Nay S tae smallest even integer of tne set of three nun- 
bers consisting of twice the spin of the intermediate state 
and twice the multipole order of escn of the two gamma rays. 
The experimental investigation of @ gamna-ganma cascade 


Usuem@ly yields the three constants, Aor 55 and Bay or co? 


a 


Sos and Bye The constants depend on five vcarameters; the 
multivole orders L, and L. of tne gamma rays and tne spins 


if I,, and I, of tne nuclear states. nigher terms are 


Q? 
eeucrvaliny moOteeeserved because the enerpiles mormally <vail- 
eee innvadioactime deeaysmanme such that multinoles with 
L>2 possess Wea Ponies 107° seconds. It is experimentally 
Cétiteulkt or even impossibke toemeasures thewanguikear conne- 
lation function,.of a cascade involving an intermediate state 
with so long a nalf-life for the reasons previously enumer- 
ated. By comparing the experimentally determined constants 
with the theoretical constants, the spin numbers of the 
States and the multipole order of the radiations may be 
assigned. However, this assignment is not always unambig- 
UOUS. 

If we consider the gamma-gamma cascade between the 
three lowest states of the even-even nucleus, nO? we find 


it expecYtally welP suitedfor angular corretetlon@ieacire- 


ments. Being an even-eéven nucleus, it has a spin of O in 





its ground state and the second transition must therefore 
be pure. Only the first gamma ray can be mixed and this 
reduces considerébly the number of possible interpretations 
of a measured correlation. Another consideration that 
makes 0 particularly well suited is the long lifetime 
of its parent nucleus on 

h large number of publications & — 6 | coneede 
data on mo and this 4(2)2(2)0 cascade has become a 
"standard cascade" for testing angular correlation equip- 
ment. at one time there seemed to be a definite discrep- 
ancy between tne expected theoretical correlation and 
experimental results. Later measurements, however, showed 
that the discrepancy wes entirely due to improper treatment 
of the experimental data. The tneoretical correlation 

60 


Punecticn for the cascade in Ni, assuming point detectors, 


is 
Nee 1 + °O21020 PY, (cos Se) he OmeOoo ! P) (cos 6) (2) 


witn an anisotropy 


\ O 1 0 - 
w= 201800) = W909) Lg 1669 (3) 
w(90~) 


AS @ part of a program at the U. 3S. Naval rostgraduate 


School on the investigation of low-lying excited states of 





nuclei, tne equipment necessary to verform & géimna-gamna 
directional angular correlation experiment was assembled. 

To check the reliability and performamce of this equipment, 
a0 
the gamma-gamma angular correlaticn of the cascade of Ni 


was measured and compared witn the theoretical function 


corrected for tne finite size of the detectors. 
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Cigna Wit is eel 


DESCREPTICN Cl BCU Pia: 


The equipment for a direction correlation experiment 
must provide a means for the detection and exclusion of 
madiatVYOn and fOrvtme Mecoraing= se: Cvents. ~this necessi-= 
Tavtves the use of two Cchanneis, cone toma aiecction in 
Seace, ana tne otner Ue Teasure ga relative angie. 

Micwexclusion function Ofwmie apparatus 1S very broad: 
Ceeee Olvall Peemust@erclude=eecqiations proceeding at otner 
than the selected angle. Second, it must exclude in each 
cnannel pulses arising from unwanted radiations of various 
energies. Third, it Diet conpere tric pulses in tne two 
channels in time and exclude all of those which do not 
occur Simultaneously or within a small time, T-, of one 
eanocner. 

Pinally, the apparatus must record certain unexcluded, 
or selected events occuring during a given time interval 
and present them in a convenient manner. To accomplish 
these ends, the apparatus is divided into mechanical and 
electronic components. 

rigure 1 is & photograph of tne mechanical conponent 


of the equipment which consists of the angular correlation 


il 








T amZta 





eTaB], UOTIeTedIOyD IetTNsuy 


MN 


v4 





Bape. 

the electronic system (rigure 2) has four primary 
tesks, viz., detection of the radiation, energy selection 
in eacn channel, time comparison between channels and 
counting. Letection wes performed by the scintillation 
crystal and photomultiplier tube witn their associated 
components and amplifiers. Energy selection was performed 
by the differential discriminators. Time conparison was 
performed in the coincidence analyzer and counting was done 
by Glo-tube scalers. Figure 3 is a schematic diagram of 


the electronic system. 


ae Angular Correlation Table 


ine meenanical component consiSte@mor the angular 
Comrelation table which proviG@edeesircansso! Woumeing the 
source and the detectors and measuring the angle between 
tne fixed detector and a movable one. Centered on the 
table was the source container mount whicn consisted of an 
aluminum tube, of sufficient thickness to stop the beta 
particles from 699°. with its axis perpendicular to the 
table and into which the source container could be inserted. 
The source container was made of lucite and had 42 volume 
that was 3/32 inch in diameter and 3/32 inch deep. After 


the source was placed in the container, a cover was sealed 


1) 





table. 

The electronic system (rigure 2) has four primary 
tesks, viz., detection of the radiation, energy selection 
in eacn channel, time comparison between channels and 
counting. Letection wes performed by the scintillation 
crystal and photomultiplier tube with their associated 
components and amplifiers. Energy selection was performed 
by the differential discriminators. Time comparison was 
performed in the coincidence analyzer and counting was done 
by Glo-tube scalers. (Figure 3 is @ s@hematic diegram oT 


the electronic system. 


Aes Angular Correlation Table 


The mechanical component consisted of the angular 
correlation table which provided a means of mounting the 
source and the detectors and Measuring the angle between 
the fixed detector and a movable one. Centered on the 
Laple was the source container Mount whtenveons meted. of san 
aluminum tube, of sufficient thickness to stop the beta 
particles from cee” with its axis perpendicular to the 
table and into which the source container could be inserted. 
The source container was made of lucite and had a volume 
that was 3/32 inch in diameter and 3/32 inch deep. After 


the source was placed in the container, a cover was sealed 
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Semeeeusing an organic solvent. Tne detectors were mounted 
in & horizontal plane and radially with respect to tne 
source volume. srovision was made for varying the distance 
between the source and the detectors. One detector was 
fixed wnile tne second was movable and could be rotated 
through an angle of 180 degrees-from 90 degrees to 270 
g@eorees. The movable detector was mounted on an aluminum 
"wheel" which was attached to a motor by way of a gear box. 
PrOvVision was made so the ficld™er the mover could be re- 
Vemsed permitting the table CO vesroOvar-owin ‘cmaner. dintce— 
tion. Tne table was also equipped with stops located at 
intervals of 15 degrees which enabled accurate positioning 
of the movable detector and provided a very rigid support 
fer the table. The counting channels associated with each 
of tnese detectors will be denoted, nenceforth, as Channel 
1 for the movable detector and Channel 2 for the fixed de- 
tector. when the detectors were secured in their mounts, 
their axes were coplanar and intersected at the source 
volume. Ihe detéctors were posited taaiarly, so tUney 


subtended a solid angle of approximately 1/16 steradian. 


B. Detection of tne iadiation 
The gamma radiations were detected by Harshaw Integral 


Line scintillation detectors, Type 858/2. Each detector 


16 





Gemerevcd of “a Unalliumrmactivated, cylindrical, sodiun- 
ioe demenyeval, “bwo mehes in diameter and two inches tnick, 
directly attacned to an KCA 6342 photomultiplier tube with 
a rigid, nign-index, optical coupling medium. The crystal 
and matcning phototube were hermetically encapsulated in a 
low-mass, lignt-tignt housing having a 0.015 inch aluminum 
entrance window. The container extended entirely over the 
masewof the pheototube, thus makime the cemplete detector a 
plug-in unit. An internal magnetic snield consisting of 
one Warn of 02004 inch conetic AS Toil, suitverent for the 
earths field, was included in the assembly. A 6A4K5 catnode 
follower was mounted as an integral part of each devector. 
The pnototubes were operated at approximately 76 volts per 
dynode. 

The high voltage for tne detectors was 1120 volts 
with a positive polarity and was supplied by a Hammer high 
voltage power supply, Model N-401. The output from the 
N-401 was split and sent to each detector. No provision 
was made for independently adjusting the nign voltage of 
eacn detector. The N-401 provides continuously variable 
voltages from 500 to 1800 volts, positive or negative, and 
with a stability against line voltage changes of three parts 


per million per volt for line voltages from 105 to 125 volts 


ae 





ernemrore1000 veltTs output. 

The negative pulses from each photomultiplier tube 
were fed into a damner non-overload amplifier and pulse 
height discriminator, Model N-302. The hodel N-302 con- 
sists of a non-overload pulse amplifier witn power supply 
and a differential pulse height analyzer. The amplifier 
employs longtailed-pair fed-back loops. It provides a 
Maximum gain of 10,000 with one-microsecond delay-line 
Clipping at the input. The outout is a positive pulse witn 


arise time less than 0.2 microseconds, a maximum amplitude 


of i20evolts and a width of approximately 1.7 microseconds. 


Cc. Energy selection 


The positive pulse from the linear amplifier was fed 
into tne differential discriminator which employs tne well- 
maowmemocircuit consisPing of twe schmitt trigger circults 
feeding into an anti-coincidence circuit. sBriefly, the 
operation is as follows. If an incoming positive pulse 
exceeds tne potential setting of the dial which changes the 
lower discrimination level, the lower pulse height selector 
circuit fires and a pulse is produced and sent to the anti- 
eoune i dencewei reultT. ~ if This incemans positive pulsemec- 
not exceed the povential selected by time Sserting ef fre 


dial which controls the width of tne window, the upper 
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Meese height seleetor ei remi tedoesmnot firewand the» pulse 
iGem the lower pulse height cireuit passes through tie 

meee —COInci@dence circuit. If on tHe otner hend, the in= 
coming pulse exceeds tne widtn of tne window, the upper 
pulse height selector circuit fires and 4 pulse is produced 
and Sentero the anti-coinei@ence cPYreurt which prevents 


ombaer pulse Treomepassime tnrough this circuit. 


be Time Comparison 

Twe output from eca@eh ai Merentialsdasemminator wesefed 
into an Atomic Instrument Comoany, Model 5024, Coincidence 
analyzer. The function of tne coincidence analyzer was to 
select a pair of pulses, one from each channel, which occur 
within a preset time of one anotner. This time is called 
the resolving time and is revoresented by 7% The times of 
eceurrenee»of the two events) are sharply @efined by using 
tneir voltage pulses to produce narrow pulses in the coin- 
Gwecmce enalyzer and tnen mixing these marrow pulses to 
@eweet the presence of coincidences Coumts. “hn imvegres 
pulse heignt discriminator is provided at each channel in- 
put to eliminate low amplitude noise pulses sucheas common, 
occur in many preamplifiers or high gain pulse amplifiers. 
The nominal resolving time of each channel was set as de- 


Sired by means of a selector switch located on the front 
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benel. Ihis switecn provides a cnoice of meminal resolving 
times of 1/4, 1/2, 1, or 2 microseconds. The output pulses 
were positive witn at least 20 volts amplitude and a rise 
Pine) Ol sesonoxmimatel y Wezo=meroseconds. “Ihe™ccrncidence 
emalyzer provides threemouteutsymthe total pulses im Chaimel 
1, the total pulses in Channel 2, and the coincidences be- 


tween Channel 1 and Chénnel 2. 


w. Counting 

The outvouts from the coincidence analyzer were fed into 
a bank of three Glo-tube scalers, each of which was capable 
ef Megisctering one million counts. “Gne of "these was Uced 
to count the total counts in Channel 1, another the total 
e€cunts in Channel 2, and the third counted tne total nemeer 
Sef coincidences. Lach scaler ad am inteeral pulse herent 


discriminator that was set to eliminate any low amplitude 


Meurious counts from the coincidemee analyzer. 
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CHAPTEh IV 


EXPEKIMENTsL PHOCEDUBE 


To perform an angular correlation measurement, the 


equipment must be capable of measuring the number of total 


coincidences as a function of the angle between the prop- 


agation vectors of the two radiations involved. The number 


of total coincidences is given by 


O) 
UI 


G Cy is C..t Cy 


Cy = the number of 
C. = the number of 
radiations in 
C. = the number of 
to the finite 


Cy = the number of 


total coincidences 
coincidences due to the two 
cascade 

accidental coincidences due 
resolving time 


background coincidences 


When the half-life of the source is long compared to the 


time required for the correlation measurements, Equation (4) 


can be rearranged and rewritten in terms of the counting 


rates. 


Ce ="CGaee Co o 


Falk 





c 
g 


Gan also be expressed as “a function of other Variables: 


° . r a . + e 4 = vo oem 
Cy i (a or a7, eA 2 EA, ex ES, Oy, pi oh h/V. Wie) (6) 


where 


ij 


tne absolute source strength 

the fraction of nuclei decaying by the 
emissTorn ol gemme™ray™*j" and paliiia “ray ™k" 
in a cascade 

tne fractional Ssolidweangle Subtended by tne 
crystal’ in Channel "i" 

the fraction of (gamma rays 7] weve meee 
the source immethemrigaie direction tosemmer 
crystal "i" that are not absorbed before 
reachime the crystal 

the total efficiency of the crystal in 
Channel "i" for gamma ray "j" 

the fraction of the number of eemme rays)" 
captured by the crystal in Channel "i" whose 
pulse heights are @ecepted by the energy 
discrimination of Chammel "i" 

tne anguler COmrerericumi une rion ava 
angle © averaged ower the solid angles 


used 


ae 





we can find an expression for N,, the counting rate in 


Caamnel "i" in terms of the same variables. 


7 « 
tt 


ee $i.) E53 %a5 Cis * Map (7) 
J 


where 
g, = the number of gamma rays "i" produced per 
nucleus decaying 
Nap = the background counting rate in Channel "i" 


as 
end 


Solving Equation (6) for the correlation function, we get 


C ee ae GC 
W(6,) = _—. ¢ ae ee (8) 
Ls No if No 


where f is the appropriate function of the f's, X's, 
els, (L.'s. and ¥, 0° 


SOlvime Equation (7) for No 
N= eee (9) 


where De is the appropriate fumction of the £'s, “'"s, 
Cale o's, and O's. 

. N 
If we now multiply Equation (8) by wei «Substieute 


N 
O 
Equation (9) for the N,'S that appear in the denominator, 


é3 





we will get 


Se a a ( 100)) 


C4) 





Bxamination of this ratio will show that even though vie 
numerator @nd denominator are sensitive to small wain 
fluctuations, the ratio is relatively insensitive. AS we 
Caveulatvery the correlation fumeCiem for warrous a@acics, £ 
Will also be insensitive to small eccentricities in the 


source. Therefore, the division of C by N,N. gives a first 


8 
erder correction for small gain drifts and small errors in 
the positioning of tne source. 

The dependence of the coincidence rate on the position 
of the moveble detector corresponds to tne theoretical cor- 


relation function only under the assumption of a centered 


point source, point detectors, no SCalLeMitgag® dae bey 
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of the electronic equipment. In order to compare experi- 
mental and theoretical results, the data must be corrected 
for the various deviations from the ideal arrangement. The 
correetion for small gain drifts and small eccentricities 
in the source position was discussed in the previous para- 
graph. Tne method of correcting the data for the various 
deviations from the ideal arrangement will be discussed in 


the following paragraphs. 


A. Pulse shaping ' 

To perform some of the operational checks, a laboratory 
double pulse generator was employed. The preamplifiers were 
modified by installing a switch which enabled a test pulse 
to be introduced into the electronic system in lieu of the 
pulse from the photomultiplier tube. Using various cembi- 
nations of condensers and resistors, the output from the 


pulse generator was shaped to duplicate tne output pulse 


@i tie scintillation crystal amd photemultipliver tube. 


B. kesolution of the Crystals 


Using a Csi ?? source, the resolution of the detectors 


was determined by standard methods. It was found that the 
resolution for Channel 1 was 12.1% while Channel 2 had a 


resolution of 11.2% for the full-energy peak of the Csi? 
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0.662-hev gamna ray. 


C. Test of scalers 

To determine if all pulses were passing througn tne 
Seemereence aMalyzer and counted by tne scalers, a pullse 
of 10 volts amplituce was split and fed into Channel 1 and 
Channel 2 of the coincidence analyzer. The integral pulse 
Erceriminatorswavetne input of tne coincidence analyzer 
were eacn set at five volts. The total counts in Channel 1, 
Channel 2, and the coincidence OURBU CE Were! moeerded. ~ lr 
was fomma that thesscalers counted tozether accurately “to 


Vphimepiuismor minus 0.002%. 


Lb. Check on source Positioning 

Ho 2 test of the positioning of Vine source ine ae 
center of tne correlation table and tne effect of any ex- 
Merial (Weids on the counting rate, tae integral counting 
rate of a portion of the ee" spectrum was measured in each 
cnannel as a function of the angle between the counters. 


“Within statistical expectation, the counting rates were 


censtent. 


B. ocattering 
Compton scattering occurring outside the detectors 


can give rise to unwanted coincidences. Phese wine -a 2-8 
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well Cend to Seer ou Une measured correlation function. 
This problem was minimized by the use of scintillation 
crystals as detectors and accepting only the full-energy 


peaks of tne desired gamma rays. 


vr, Letermination of source Strength 
If we assume a negligible background counting rate, 


Equation (5) becomes 


The statistical uncertainty in the result of a count- 
me experiment can be calcullated from the gemeral primcipize 
that the uncertainty in counting a total of "n" particles 
is sn. ror a total counting time T, the total number of 
coincidences is C,T and the standard deviation in the total 


t 


coincidence rate is 


F =\| (12) 


Then tne standard deviation in the genuine coincidence 


Gece 1S 








£7 





and the fractional statistical error in the genuine coin- 


Cmocuce rate is *given by 





Therefore, in order to obtain the smallest fractional sta- 
tistical error in the genuine coincidence rate, the quan- 
tities T and C. = C. Should be made as large as possible. 


ror a fixed counting time, we would make Ce as small as 


peocsible. The accidental coimciagence ravermis given by 


ae eZ 
5 2p 3 ) 


~ 


C. = eTN JN 


From Equation (6), the genuine coincidence rate is propor- 
tional to the absolute source strength. The ratio of gen- 


uine to accidental coincidences will therefore be 


C 1 
_§ ~~ 


: “a hy 
oe eae a 


From Equation (13), we observe that we can reduce the acci- 
dental coincidence rate by either decreasing the réselving 

time or decreasing the absolute source strength. Thenere re. 
for a given J, as determined by the electronic Syston ara 


source strength must be kept as small as possible. dHowever, 
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ase the size of the seurce is decreased, the counting time 
must be increased to get a specified precision in the total 
coincidence rate. Thus a compromise must be reached be- 
tween the precision attainable with the available circuitry 
amc ebac «time spent Torscountings. 

The nominal minimum resolving time obtainable with the 
ebectronic system used in this aac was approximately 
O0.25-microseconds. The approximate strength of the source 
used in this experiment was 0.05 millicuries of 69° which 
was a water solution of CoCl. that just filled the source 
volume. Tnis source gave a ratio of genuine coincidence 


rave to accidental coincidence rate of approximately 1.¢c. 


G. Choice of Pulse Height Selection Limits 

Since gamma rays from Compton scattering occurring 
outside the detectors can produce coincidences which will 
tend to smear out the correlation function, it is advanta- 
geous to use just the full-energy peaks of the gamma rays. 
For this reason, the discriminator settings in Channel 1 
and Cnannel 2 were each chosen so they would accept only 
those pulses corresponding to the full-=energy peaks of bovnh 
gamma rays. The discriminator settings were determined by 
using the Co i source and the double pulse generator. With 


60 


the Co source in position, the gain of each linear 


eg 





Al FS 


amplifier was adjusted so that tne maximum amplitude of 

the pulses was of a convenient height. The positions of 
the full-energy peaks in eacn channel were then determined 
visually using the scale of the oscilloseope. The switenes 
on the preamplifiers were then changed so pulses with in- 
dependently adjustable amplitudes from the double pulse 
generator could be introduced into each electronic channel. 
Using the gain control on the pulse generator, each pulse 
was adjusted to an amplitude corresponding to z (Figure 4). 
With the pulses thus set, the dial on each differential 
@iserimimator which positions the lower discrimination 
level was adjusted so each channel was just registering 
full counts. Hach pulse was then adjusted to an amplitude 
corresponding to Be and the dial on each differential 
discriminator which controls the width of the window was 
adjusted so each channel was again just registering full 
coumibs. Witn these settings om the differential diserin- 
inators, only those pulses corresponding to the full-energy 


peaks would be passed to the coincidence analyzer by each 


channel. 


H. Choice of Coincidence kesolving Times 


The limitation on the minimum resolving time can best 


be understood by referring to Figure 5. It is based on the 
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Figure 5 
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Peemme@iple of operation of the differential discriminators 
which was previously discussed. Tne only pulses wnich will 
pass through the differential discriminator in either chan- 
nel are those from the linear amplifier in a range, E, to 
Boe ines tdumee Of LiYine, Of themskewer digscrimination levers 
determines the time of the output pulse of the differential 
discriminator, and this circuit fires when the voltage of 
the input pulse rises to Ba It can be seen directly from 
the figure that a time uncertainty At is thus introduced 
in the output pulse of Phe differential discriminator. One 
is thus constrained to use a resolving time greater than 
ats 

with all the equipment adjusted as it would be for the 
correlation runs, Simultaneous pulses with independently 
adjustable heights from che adie pulse generator were fed 
imto @aeh electronic channel. The eight of each pulse mas 
ea usted so the channel was just Fresievering full counts. 
The time separation of the output pulses from the differen- 
tial discriminators was measured using the oscilloscope. 
Tois procedure was repeated for pulses of all amplitudes 
in AE of Channel 1 and pulses of all amplitudes in AE 
of Chenmel 2. The oscilloseere i@acureieees gave the max- 


imum time separation between the pulses being fed into the 
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coincidence analyzer. Tnis permitted the choice of 4 
Meminal resolving time. ThisSmmominal resolving time was 
set on the resolving time switches of eacn channel of the 
Ceincidence analyzer and the coincidence counting rate was 
cnecked against each single channel rate as a function of 
Vme puise height. This werified that all lesgitimatercoin- 


cidences were counted. 


iv keference Counting hate 

Witn the discriminator in eacn channel adjusted as 
aeove, vne integral counting rave, ot "ahe C9°° spectrum in 
each channel was determined. This gave a reference count- 
ims rete for each channel. During tme course of the cen= 
mebacvion runs, the discriminator SevCimes or tae mains ger 
the linear amplifiers were adjusted before each run so that 
the integral counting rate agreed closely with these ref- 
Beence raves. 

mS a measure of the gain fluctuations during caen 
eeuneeme run, the integral counting Pave of each channel 
was measured after each counting run using tne same dis- 
crimimetor settings that were employed during thewrun. Tie 


maximum variation between this counting rate and the ref- 


erence counting rate for each channel was two per cent for 


WW) 
I 





any actual correlation run. 


dis Background Measurements 


With the discriminators at the same settings as were 
used during the correlation rums, background runs were made 
before and after tne correlation runs. The background coin- 
cidence counting rate was negligible and the background 
counting rate of each channel was approximately 0.3 per 
cent of the gross counting rates during the correlation 
runs. These background rates were applied as corrections 
to the gross counting rates obtained during the correla- 


Cliemn runs. 


K. Measurement of Scaler aesolving Times 


To correct the total counts in each channel for losses 
me tae counting circuits, it was necessary to determine the 
scaler resolving times. since the scaling losses were 
peall, the precision in the measurement of thé resolving 
times did not have to be better than 10 per cent. The 
scaler resolving times were determined by two methods; 

(1) using a laboratory double pulse generator and an os- 
cilloscope and (2) by the two source method. 

Two pulses from the double pulse generator were intro- 


duced into the channel under test. The pulses had a repeti- 


Bo 





tion rate of 1000 per second and a variable time separation. 
The separation between the two pulses was then reduced until 
the scaler began to miss counts and the pulse separation 
was then measured directly on the oscilloscope. Using this 
beLhodytheeresolving times.of the sealers were determined 
to be approximately tnree microseconds. 

The resolving times were also determined by the two 
source method. Tie resolving times determined by this 
method and subsequently used in the calculations were 
305) Gp Owl 2 microseconds for Channel 1 and 4.65 + 0.13 
microseconds for Channel 2. Since the coincidence count- 
ing rate was very low, it was not necessary to determine 


the resolving time of the coincid@énce scaler. 


L. Measurement of Coincidence hesolving Time 


TO calculate the number of accidental coincidences 
SCccurring in the total coincidence channel, a Knowledge of 
the coincidence resolving time is necessary. Tne acci- 
dental coincidence rate, which frequently constitutes a 
Varge part of the total coilncidencescoummaiims rate, is given 
by Equation (13). 

ine C09 source was placed in position on the angular 
correlation table and an 0.8 microsecond delay line was 


inserted into Channel 2, between the differential discrinm- 
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Mower and the coincidence analyzer, to eliminate any gen- 
ome wecoincidences. The accidental counting rate and tne 
counting rate of eacn channel were measured and 27 was 
calculated using tquation (13). 1t was found that the co- 
iicweenee resolving time Was a function of the counting 
rave. tnis@wes due to the eleetronie Circuits of the coin- 
Gmoence enalyzer used. As the counting rate increased 
above 1,600 per second, the resolving time decreased. 
[erelore, 1b was necessary to decide on the counting rates 
that were to be used ene the correlation runs and deter- 
mine the resolving time for these rates. This was possible 
because eere has a relatively long half-life and conse- 
G@uentvily a steady counting rave. Tmis™particular coinci- 
dence analyzer would be unsuited for correlation experi- 
ments on materials that do not provide a steady counting 
Fave. Ine resolving time was determined at the sezinning 
of the correlation runs and again half-way through. the 


results of these determinations are: 


0.2057 t 0.0019 microseconds 


7, 


0.2066 t 0.0018 microseconds 


4 
II 


The consistency of these values gave a dependable cieex on 


the stability of the electronic equipimenv-. 
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\.  volid angle Correction 
The method of correcting the tneoretical correlation 
function for a finite detector will be discussed in sec- 


tion A, Chapter Vl. 


N. Angular Correlation suns 


Since the angular correlation table was equipped with 
stops located at intervals of 15 degrees, it was initially 
decided to make six two-hour runs at each position with the 
movable detector located at 90°, 105°, 120°, 135°, 150°, 
165°, and 180°. To minimize any systematic fluctuations 
in the equipment, the angular order in whicn they were 
taken was varied. Before each run, the integral counting 
rete of each channel was adjusted to agree with the ref- 
erence counting rate. The single channel counting rates 
were approximately 1400 counts per second. Each run yielded 
a total coincidence rate of approximately 1.5 counts per 
second of which about 45 per cent were accidentals. 

To improve the statistics, six more runs of two-hours 
each were taken with the movable detector positioned at 
90° and 180°. One run of a 12-hour counting period was 
also taken at each of the seven angles interspersed between 


the two-hour runs. 





Tae two-hour runs fer aegiven angle were checked for 
statistical consistency by the use of the chi-square dis- 
Meteweron test and all but one run at one angle were stavis— 
tically acceptable. Another two-hour run was made to re- 
place this one. Tne result of the twelve-hour run at each 
angle was compared with the mean of six of the two-hour 
runs at that angle by using the t-distribution test. The 
@ewa lor the twelve-hour periods was "not consistent in all 
@€ases and therefore it was decided to discard these data 
ae SeGing unreliable. It is believed that the inconsistency 


Weewave tO the occurrence of lange gain fluctuationewaun- 


ing the twelve-nour counting periods. 


By 





CHAPTER V 


EXPERIMENTAL BESULTS 


Diemecotwelation iwaaction, for "ach run, w(é,), is given 

by 
g N . 
i a a 


> ieee — 
(Ny - Nip) (Ng - Noy) 


Ie b? 
since g and No were constant for this experiment, it was 


sufficient to calculate a modified correlation function 


given by 


= W(6, ) —_— Co = 
W'(6, ) = en ene —— = = = (15) 
EN, (Ny - Nyp) (Ng - Nop) 


This necessitates the determination of seven counting rates. 


The standard deviation of any observed counting rate, 


ia is given by 





T, = the counting time for determining X; events 


To determine the weighted m@ansof, austfies of Weasur r- 1c 


the inverse square of the standard deviation of each 
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measurement was used as a weighting factor. 


Ay 
2 





(16) 


fet 





pe \ 


the standard deviation of the weignted mean was calculated 
from tne standard deviations of tne individual measurements. 


i. . 1 
= ee 


me (K) oF 





The single-channel counting rates and the background 
counting rates, No and i for each run were exeeriie)— 
tally determined. Correcting the single-channel counting 
Paces tor scaling losses gave N, and No. 

The accidental counting rate for each run was calcu- 
lated from Equation (13) using the weighted mean of the 
experizentally determined coincidence resolving times. 

Tne total coincidence counting rate, oF for each run 
was experimentally determined. The background coincidence 
Peitc} on was negligible throusnoul thie ex9er ireac. 


Bach wt (@,) and its standard deviation were calculated 


and the weighted means and their standard deviations were 


H1 





computed for each angle. 

Using tne metnod of least scaueres, tne wneignted means 
cr the experimental correlation functions were fitted to 
Peerweot tne two functional forms of the tneoretical corre= 
Haron function as given by Equaticn (1). The standare 
@eviations of the least square coefficients were also 
ealculated. 

imese Calculations togetmer mith the results are giver 


maces 10] lowing, sections. 


ae Coincidence nesolving Tine 

Using the coincidence resolving times as determined 
mieeeetion lL, Chapter 1V, the weignted mean of The wresam 
ing time and its standard deviation vere calculated using 
Memations (16) and (17). Tne result of this calculation 


Meeciven below. 
™ = 0.20694 F 0.00096 microseconds 


B. angular Correlation Lata 

Thewaceidental coineidencesratesvaesgmcalcula veda on 
each correlation run using Equation (12). The background 
coincidence rate was zero. Tne correlation function, 
wie, ), was tnen calculated using uquation (15) and its 


stundard deviation was determined principally from tnose 





of C, and ee. 
t a 
Tie wemeiabed meenvol tne runs at each angzle andes 


stemGard deviation were computed. These results ame tabu- 


lated in Table 1. 


Table i 


weighted Means of w'(6, ) 


6 (degrees) ieee 3 pa 
Mean 
ve LAGU 30 
iors 4790 i. 
120 4773 ie 
io 4996 bo 
=o 5313 43 
165 Sail ly 
180 5562 31 


C. experimental angular Correlation function 


The theoretical correlation function as defined by 
Equation (1) is a finite series of even-ordered Legendre 
Polynomials or of even-powered cosine functions (see Chapter 


JI). Each of tnese functions was fitted to the weighted 
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means of the experimental correlation functions given in 
Table 1 by the method of least squares (7| and the experi- 
mental values and their standard deviations for the coeffi- 
cients 4, and B, were found. These values, normalized so 
that Aho - Bo = 1, are listed in Table 2. 

Table 2 


Least Square Coefficients 


Be ’ Ay Ay 

1.0000 + 0.0034 010961 = Op0ess 0.0239. 25020071 
Bo Bo By 

1.0000 + 0.0054 0.0176°2) 0-te27 0.1587 £9020 019 


D. Experimental anisotropies 


Tne anisotropy is defined: 


he WO180°) =-"“Wlees) 
W(90°) 


The anisotropies for the two least-square curves were cal- 


culated from the experimental correlation functions. These 


Ah 





values are 


MP) = 0.172 


h(cos’ €) = 0.171 + 0.027 


The standard deviation for the latter was calculated by a 


formula presented by Klema and McGowan | 6]. 


we 
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CHeaclan Vi 


Wi COLON Ce nS@eULTs 


mo Geternine the validigey of tas results 10 is neces— 
meomy tC Compare the exoerimemtal and tne toneoretical cor 
mediation functions. Since the tneoretical correlation 
Pome tion, w(€), as derived by namilton 2], is based upon 
tne assumption of point detectors, a correction must be 
made for tne solid angles of the detectors. & comparison 
between tne encarta and the corrected theoretical cor- 
Pelation functions will give an indication as to whetner 
Or mot the eq@ipment is functionime properly. 

The method of correcting for tle.solid anglegot, Gee 
detectors and & comparison between the experimental and 
mee CLheoretical correlation functions will be discuseea in 


tne following sections. 


m- wOlid angle Corrections 
The solid angle correction which must be applied to the 

E@eorevical correlation function to enable 4 compa, i souere 

be made with tne measured one is described by hose [7]. The 


correction involves the numerical evaluation of invezrals oF 


tne form 


6 





-1,%, ) 


to P(cos Ce 7 sin ¥°d¢ (13) 


T, = the full-energy absorption coefficient of 
the detector dn Channel) "1" fer the weeanmma 
may Ol iInterese 

oF = "tne nalf-angle subvended. by thesiremt face 


of the crystal in Channel "i" 


and ; 
=; aaa 
X, (¥) = t,sec g {Om (a= g a — 
ns Tae, 
i 
X, (9) = r,csc @ - h,sec # 
r 
for tanvt—___i1.§. <g264y 
hn, +t : 
1 i 
where 


h, = the distance from the source to the crystal 


in Channel a! 


cr 
il 


the tnickness of theseryscat win Change: is" 


ae) 
i 


the radius of tne crystal in Channel "i" 


Tne attenuation factors, G,, are expressed as the product 


of two attenuation coefficients: 


i I 
meme ||| “6.2 
4? 





and the corrected theoretical correlation function is 


gl n 


* 
wW(6) = \ Gain? 008 8) = ) A,P, (cos 6) (20) 


=Q n=0 


wince the windows of the differential discriminators 
were adjusted so they spanned both full-energy peaks, the 
average energy of the two gamma rays was used to determine 
T. The various parameters involved in the evaluation of 
the integrals were the same for Channel 1 and Channel 2, 


~ 


therefore, l is equal to I and we can drop the sub- 
owl ae 

script that identifies the channel. The integrals I, for 

n= 0, 2, and 4 were numerically evaluated and the atten- 


vation factors were calculated using Equation (19). The 


corrected anguler correlation coefficients, A 


n? were 


calculated using Equation (20) and the values of An given 
in Equetiien (2). 

The values of the parameters involved in the calcu- 
lations of the corrected angular corrélation coefficients 


are listed in Table 3. 
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Table 3 


SOlid Angle Correction Parameters 


h (cm) TSO 

& (em) 2.54 

r (cm) 2. 54 

T (cm7+) 0.098 
I 

ss 0.9870 
Io 
qi 
by 4 

=e OmOe 70 
qy | 

a5 0.9741 
Gy Op oes 


B. Comparison between Experiment and Theory 


The experimental and corrected theoretical functions 
for this experiment are: 


Experiment: 


W(6) = (1.0000 t 0.0034) + (0.0961 + 0.0055) b+ 


(O2065e—-+-0-20071 ) Py 


Theoretical: 


W(@) = 1.00000 + 0.09936 Po + 0.00831 Py 


aoe 





or, in terms of cosine functions: 


Experiment: 
W(@) = (1.0000 + 0.0054) + (0.018 + 0.033) cos* 6 + 
(@.154 zL O.032) aes & 
maeorecical: 


% 


W(@) = 1.0000 + 0.1236 cOs“ @ + 0.0381 cos* 6 


The experimental anisotropy was calculated from the cosine 
function to be k = 0.171 + 0.027 and is to be compared with 
i = 0.1617, the ome eical anisotropy corrected for solid 
eng e. 

Une Yeorresponding correlation Ceeiiicimnts do moe 
agree within statistical expectations indicating that as 
the equipment stands, it is not suitable for performing a 
Peeeise angular correlation experiment unless tne seurce 
of trouble can be located and corrected. Figure 6 is a 
plot of the experimental and tne corrected theoretical 
Cemvel-avion functions normalized to 90° against the angle 
between the directions of emission of the gamma rays. The 
experimental points and their standard deviations are also 
shown. 

From Figure 6, it can be seen that the experimental 


points at 120° and 135° are significantly low. This could 
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De GvVemre statistical fluctUavions, the presence of an ex 


ternal field, or systematic 

aAlthouga tnis could be 
it 1S quite improbable tnat 
points are each two or more 


theoretical curve. 


elrOuemin UNG ey Cer liveme. 
Gue to Statistical [luctuctvio@e. 
tnis is tne case because tnese 


standerd deviations off the 


it was experimentally determined that the external 


field present was far smaller than that necessary to cause 


this effect. : 


it is remotely possible that the fact that the source 


was ina liqWid form ratner”’than a solid form could contri- 


buve vo this effect, altnough no mechanism can be wf Pered. 
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Camere Vil 


CONCLUSIONS 


AS it stands, the equipment used for this experiment 
ms nek Suitable fer precision mngular corrédation inwesti-— 
Poulenc. "serere this equirment can be used for such in- 
vestigations, the reason for the distortion of the shape 
of the exverimental correlation function discussed in 
Chapter V1 needs to be determined and corrected. An in- 
proved coincidence analyzer whose resolving time is inde- 
pendent of theecownting rate swould be vurchased or bully 
to replace tne one now in use. To provide better precision 
for the same counting time and source strength, the eléc- 
tronic system needs to be modified to reduce the accidental 


@ermcigence counting rate. 
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